Abstract:
107
Heterochromatin is repeat and transposon-dense, late-replicating, suppressed for RNA 
125
Here we use a comprehensive array of genetic, genomic and immunocytological (Fig. 1A and Supplemental Fig. S1A ). In contrast, no axis differentiation occurs in rec8 167 chromatin, which is present as a diffuse mass during mid-prophase I although the 168 proportion constituting heterochromatin is not significantly different (Mann-Whitney-
169
Wilcoxon (MWW) test, P=0.55) (Fig. 1A, Supplemental Fig. S1A -S1B and
170
Supplemental Table S1 ). The entangled chromatin mass in rec8 proceeds to fragment 171 at metaphase I, causing complete sterility (Fig. 1A) Table S2 ).
177
To analyze REC8 accumulation on chromosomes we immunostained male meiocytes 178 and observed co-localization with chromatin from leptotene onwards, including within 179 heterochromatin ( Fig. 1B and Supplemental Fig. S2B-S2C ). REC8 and chromatin co-180 localize as pairing and synapsis occurs, with strong co-staining at pachytene ( (Fig. 1C-1D ). In wild type, ASY1 and ASY3 co-localize along linear axes from 199 leptotene until zygotene (Fig. 1D) (Ferdous et al. 2012 ). In rec8, ASY1 and ASY3 occur 200 in polycomplexes that persist through mid-prophase I (Fig. 1C-1D ). The length of rec8
201
ASY1 polycomplexes was shorter compared to the wild type axis at leptotene
202
(mean=30 µm vs. 220 µm, MWW test P=3.02×10 -11 ) (Supplemental Table S3 ).
203
Heterochromatic chromocenters were observed within and apart from ASY1 were continuous and relatively uniform (Fig. 1E ).
211
To investigate the rec8 chromosome entanglements observed during prophase I, we 212 performed FISH using 45S and 5S rDNA probes (Fig. 1F) 
233
Supplemental Table S8 ), so REC8-HA data were used for subsequent analyses.
235
At the chromosome scale, REC8 enrichment was greatest in the centromeres and in
236
proximal heterochromatin ( Fig. 2A-2B Table S10 ).
253
Hi-C studies have revealed A/B compartment organization in plant genomes, where the 
261
We compared REC8 ChIP enrichment with cytogenetic maps made at pachytene that 262 relate meiotic axis length (µm) to physical DNA length (kb) (Fransz et al. 2000 
271
REC8 anti-correlates with meiotic DSBs and crossovers
273
We investigated the relationships between REC8, meiotic DSBs mapped using
274
SPO11-1-oligos, and 3,320 crossovers mapped by genotyping-by-sequencing of 
283
We previously observed SPO11-1 immunostaining in association with ASY1 
295
At the fine scale, Arabidopsis shows SPO11-1-oligo enrichment in nucleosome-
296
depleted gene promoters and terminators ( 
307
To further analyze REC8 at the fine scale, we identified 87,738 peaks with a mean 308 width of 475 bp (Fig. 3C, Supplemental Fig. S8A and Supplemental Table S12 ).
309
Consistent with the trends at the chromosome scale and within genes, REC8 peak 310 enrichment positively correlated with nucleosomes (r s =0.68) and SPO11-1 ChIP
311
(r s =0.65), but negatively with SPO11-1-oligos (r s =-0.72) (Fig. 3C) 
361
( Fig. 4D and Supplemental Table S17 ). Using independent ChIP replicates this assay 362 confirmed reduction of REC8 at the peak loci in kss, compared to a control locus that 363 did not change ( Fig. 4D and Supplemental Table S17 ).
365
We previously observed that DNA and RNA transposons are differentiated by 366 chromatin state and levels of meiotic recombination in Arabidopsis (Choi et al. 2018 ).
367
Compared to DNA elements, RNA elements show higher REC8 and nucleosomes, and 368 lower SPO11-1-oligos (Fig. 4E-4G and Supplemental Fig. S11 ) (Choi et al. 2018 ).
369
RNA elements also show higher H3K9me2 and non-CG methylation levels in wild type, 370 8 which are reduced in kss (Fig. 4E-4F) . As observed at hypo-CHG DMRs, loss of 371 heterochromatic marks at RNA elements correlates with reduced REC8 and gain of 372 SPO11-1-oligos in kss (Fig. 4E-4F ). In contrast, DNA elements also show loss of 373 heterochromatic marks in kss, while REC8 was unchanged (Fig. 4E-4G 
394
To further investigate the relationship between transcription levels and REC8, we 
406
Interestingly, analysis of H3K27me3 in relation to REC8 peaks showed enrichment in 407 flanking positions, although the peaks themselves were depleted of this mark 408 (Supplemental Fig. S8A ). In conclusion, we observe intragenic REC8 enrichment, with 409 highest levels in genes that are transcriptionally silenced by the Polycomb system and
410
H3K27me3.
412
We performed RNA-seq from wild type and kss floral buds and compared these data to
413
REC8, SPO11-1-oligo and DNA methylation data (Fig. 5D) . Genes in wild type show 414 low levels of CHG DNA methylation, which was further reduced in kss (Fig. 5D) 
441
Supplemental Tables S19-S20). We also immunostained for SPO11-1-Myc and
442
observed foci distributed throughout the nucleus that were axis-associated at leptotene
443
and persisted until pachytene (Supplemental Fig. S15B and Supplemental Table S21 ).
444
In rec8, SPO11-1-Myc signal was distributed throughout the nucleus, both within and Table S22 ). Together, this provides cytological
451
evidence that DSB formation and interhomolog strand invasion are associated with 452 rec8 axis polycomplexes.
454
We next immunostained for ZMM repair factors, which are required for formation of 455 interfering crossovers (Hunter 2015 468 that lead to joint molecules and fragmentation at metaphase I.
470
We used immunocytology with epifluorescence and SIM to analyze Arabidopsis axis
471
(ASY1, ASY3 and SMC3) and SC (ZYP1) components in wild type and rec8 (Fig. 6F- 
472
6I). Chromosome synapsis initiates at zygotene with the formation of ZYP1 stretches,
473
which become depleted of ASY1 (Fig. 6F) , until full synapsis is achieved at pachytene 474 (Ferdous et al. 2012 ). We observed short stretches of ZYP1 polymerization between
475
ASY1 polycomplexes in rec8 (Fig. 6F) Table S24 ).
480
PCH2 is a conserved meiotic AAA+ATPase required to remodel the axis during 481 synapsis, which forms a linear signal with ZYP1 at pachytene (Fig. 6H ) (Lambing et al.
482
2015). The rec8 polycomplexes co-stained for both PCH2 and ZYP1 (Fig. 6H) .
483
Interestingly, the SMC3 cohesin subunit was recruited to ASY1 polycomplexes, despite 484 the absence of REC8 (Fig. 6I) 
505
Therefore, to accommodate additional sequence per µm of axis, the heterochromatic 506 loops must be more highly condensed (Fig. 7) . This may enhance REC8 crosslinking to 507 heterochromatin during ChIP, and is also reflected by interphase chromocenter 
514
We tested the role of non-CG DNA methylation and H3K9me2 in REC8 loading using 
523
Arabidopsis kss mutants retain sufficient centromeric REC8 to maintain sister cohesion. 
529
Interestingly, we observed SPO11-1 ChIP enrichment in the centromeres, coincident
530
with elevated REC8 and nucleosome density. Hence, although SPO11-1 is axis-
531
enriched in proximity to the heterochromatic loops, these sequences are not efficiently 532 recruited to form DSBs or crossovers during meiosis (Fig. 7) .
534
Transcription drives cohesin occupancy in diverse eukaryotes (Lengronne et 
552
Recombination suppression in proximity to the centromeres by cohesin and
553
heterochromatin is important for fertility, as crossovers within these regions can cause 
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